In Al-Mg alloys with Mg content 0 ≤ X Mg ≤ 6 wt. %, the effects of X Mg on dissolved hydrogen content ([H]) and melt quality were investigated. [H] was measured using the Closed-Loop Recirculation method, and the melt quality was quantified using the density index (DI), bifilm index (BI), and porosity measurement.
Introduction
High-strength aluminum (Al) alloys can be used to reduce the weight of vehicles [1, 2] . Non-heat-treated Al-Mg sheet alloys have excellent strength and high formability, so they are used as a structural material for inner panels. The strength and formability of the alloys are consequences of solid-solution hardening by magnesium (Mg) addition [3] . Recently, Mg based alloys has been actively studied as a hydrogen storage due to their high hydrogen capacity [4] . When Mg is added to an aluminum alloy, the hydrogen solubility C H in the molten Al alloys increases. The Mg addition also decreases the formation of protective oxide films on the melts, and these changes lead to increase in the numbers of pores and inclusions in the melt, with consequent degradation in melt quality [5] . To reduce the number of internal defects and improve the mechanical properties of Al-Mg alloys that have high Mg content X Mg , the effect of X Mg on the melt quality of Al-Mg alloys must be clarified, and the quality of molten Al-Mg alloys should be precisely controlled.
Quantitative assessment of melt cleanliness is generally difficult because molten aluminum alloys contain various impurities and internal defects, and currently no unique quality-test method can be used for the comprehensive qualitative assessment of aluminum melt [6] [7] [8] . The main internal defects in molten aluminum alloys include hydrogen and inclusions. The main source of hydrogen is moisture on the flux, crucible, refractory, raw materials, and tools used during melting. The Al melt reacts with the water vapor to produce hydrogen. There is a large decrease in the hydrogen solubility in the solid state, and hydrogen gas precipitates when it solidifies, which forms pores. On the other hands, the inclusions are mostly oxides, so the oxidation of the Al melt, scraps, contaminants, fluxes and tools can be the source of the inclusions. Several qualitative, semiquantitative, and quantitative tests are available to estimate molten metal cleanliness; combinations of these measurements have been used for complete evaluation of melt quality. Representative methods of measuring melt quality include: (1) Closed-Loop Recirculation (CLR) [9] , (2) Reduced pressure tests (RPT) [10] , (3) K-mold [7] , (4) Pressure-filter tests [11] , and (5) Electric-resistivity tests [12] .
A bifilm is a doubled-over oxide film that is caused by movement of the melt. The bifilm can trap gas; the combination of bifilm and gas may constitute the main defects in the melt [13] [14] [15] [16] [17] . The maximum length of pores has been proposed as an indication of bifilm length, and is represented as the bifilm index (BI). Both the BI and the density index (DI) can be obtained using an RPT. The BI and DI melt are both quality-measurement methods that consider the effects of inclusions and dissolved hydrogen content ([H]). The difference is that BI measures the maximum length of bilfilms on the sectioned RPT samples, whereas DI measures the density of the bulk RPT samples.
In this study, the melt quality of Al-Mg alloys was characterized by measuring [H], porosity, DI and BI, then the effect of X Mg and melt temperature T Melt on the melt quality was evaluated. The observation of oxidation kinetics in the Al-Mg melt and the estimation of the free energy change for oxidation in the melt were assessed to understand the melt quality of Al-Mg alloys with different X Mg .
Materials and Methods
A reference Al sample (X Mg = 0 wt. %, Al-0Mg), and Al-Mg alloys that contained X Mg = 2 wt. % (Al-2Mg), X Mg = 4 wt. % (Al-4Mg), and X Mg = 6 wt. % (Al-6Mg) were melted in a resistance furnace in air. Al-Mg alloy ingots (6 kg) were melted at T Melt = 700 • C, 750 • C or 800 • C. The molten samples were held at those T Melt for 10 min, then their [H] were measured using the CLR method by an hydrogen analyzer (ABB Inc., Quebec, QC, Canada) [9] . Each measurement of [H] was repeated three times. The results were compared with C H calculated for molten Al alloys, as calculated for different X Mg and T Melt .
To determine the effect of X Mg on the melt quality, Al-Mg alloys that had been melted at 800 • C were evaluated using an RPT. This test (also known as the Straube-Pfifer test), provides qualitative information of the overall uncleanness caused by the combined effects of inclusion content and hydrogen in the melt [8] . For the RPT, 100 g of alloy melt were cast and solidified under one of two pressures: under atmospheric pressure in open air, or under a mild vacuum of 80 mbar. The densities (g/cm 3 ) of the two samples determined using Archimedes' principle, then the density index for the alloys was obtained as:
where ρ 1 is the density of the sample cast under atmospheric pressure, and ρ 2 is the density of the sample cast at 80 mbar. The measured compositions of Al-Mg Alloys that had been cast at 800 • C in the air were slightly different from the nominal compositions (Table 1 ). Internal defects of the RPT samples cast under 80 mbar were evaluated by 3D X-ray computed tomography (240-kV X-ray, resolution = 29 µm; XTH320, Nikon, Tring, UK) and the porosity and the size of pores inside the sample were estimated. BI was measured from optical microscopy images of cross sections of the RPT samples as:
Scanning electron microscopy-Energy dispersive X-ray spectroscopy (SEM-EDS) (JEOL, Tokyo, Japan) was used to identify the oxides and inclusions in the cast Al-Mg alloys. The oxidation kinetics of Al-Mg alloys with different X Mg were studied using a thermogravimetric/differential thermal analysis (TG/DTA) facility (Perkin Elmer, Waltham, MA, USA) to measure the weight gain curves of the alloys while they were held isothermally at different T Melt . Plate-shaped specimens (length 2 mm; mass 20 mg) were used. Thermodynamic calculations for Al 2 O 3 , MgO, MgAl 2 O 4 were performed and their growth behavior was evaluated. Their oxidation was considered to be related to the quality of the molten Al-Mg alloys.
Results and Discussion

Hydrogen Content in Molten Al-Mg Alloy
Hydrogen Solubility Calculation
Hydrogen solubility C H [(mL/100 g) in molten alloys under normal pressure follows Sieverts' law [18] :
where p H 2 (Pa) is the pressure of hydrogen on the molten alloy, p 0 = 0.1 Pa is the standard pressure, ∆G Θ m (J/mol) is the change of molar free energy of hydrogen during solution, and R = 8.314 J/(mol·K) is the gas constant.
Early research [19] yielded a theoretical model to calculate C H in multi-component alloys from measured values of thermodynamic properties. The authors suggested that in alloy melts that are nearly ideal liquids, ∆G Θ m can be expressed as:
Solving Equations (3) and (4) yields:
where x i is the mole fraction of component i, ∆G Θ i (J/mol) is the change of molar free energy of hydrogen in pure molten element i, ∆G ex m (J/mol) is the excess molar free energy, and C H,
In the present study, only Al and Mg were considered in calculation of theoretical C H in molten Al-Mg alloys. For a binary alloy, ∆G ex m of liquid alloys can be calculated from experimental values, then expressed using Redlich-Kister polynomials [19, 20] , as:
where L i, j (J/mol) is a binary parameter that describes the interaction between components i and j. The interaction parameter L Al,Mg and C H in liquid pure Al and Mg, C H,Al and C H,Mg (Table 2 ) were used to calculate the theoretical C H in Al-Mg alloys. 
Parameters Source
The calculated C H in Al-Mg alloy melts increased with increase in T Melt and in X Mg (Figure 1a,b ). At 700 ≤ T Melt ≤ 800 • C, Al-Mg alloys with 0 ≤ X Mg ≤ 6 wt. % had 0.9 ≤ C H ≤ 2.1 mL/100 g. C H with T Melt increased as X Mg increased, and this rate of increase accelerated as T Melt increased. The difference in C H between Al-0wt. %Mg and Al-6wt. %Mg was 0.25 mL/100 g at 700 • C and 0.44 mL/100 g at 800 • C. Previous studies [23, 24] have observed the same trends. 
Dissolved Hydrogen Content
Molten Al-Mg alloy melts had 0.18 ≤ [H] ≤ 0.43 mL/100 g, which were~20% of their calculated solubility (0.9 ≤ C H ≤ 2.1 mL/100 g) in Al-Mg alloys (Figure 1c,d ).
[H] increased generally with X Mg in the alloys (Figure 1d ). As T Melt was increased from 700 • C to 800 • C, [H] increased in Al-Mg alloys with 0 ≤ X Mg ≤ 4 wt. % increased, but remained the same or decreased slightly in Al-6Mg. Nevertheless, [H] of Al-6Mg, which has the highest X Mg in this study, was higher than in the other alloys at 700 ≤ T Melt ≤ 800 • C. (Figure 2a ) and measured X Mg (Figure 2b ). The density of the Al-Mg alloys decreased with increase in X Mg , because Al has higher density (2.70 g/cm 3 ) than does Mg (1.74 g/cm 3 ). At T Melt = 800 • C, the [H] in the melt was only~13-19% of calculated C H , and the increase in [H] with increasing Mg was smaller than the increase in C H (Figure 2d ). Al-6Mg had the highest [H], so Al-6Mg was expected to have the poorest melt quality in the molten alloy and the highest number of internal defects in the cast sample. (Figure 3 ) of Al-Mg alloys at 800 • C was estimated from X Mg by using DI and pore analysis. DI increased with increase in X Mg to 4 wt. % (DI = 6.85 in Al-4Mg), but in Al-6Mg decreased greatly to DI = 1.43, which is close to the requirement (DI < 1.0) for high-quality melt in the foundry industry. Contrary to expectations, we obtained a high-quality melt the Al-Mg alloy with high measured X Mg = 5.3 wt. %, without a degassing process.
In the reduced-pressure sample that had been cast at 80 mbar, porosity and DI followed the same trend vs X Mg (Figure 3a ). Photographs of sections ( Figure 4) showed defects in the samples. Among the reduced-pressure samples, the Al-4Mg sample had highest values of DI, porosity, and maximum pore size (12.2 mm). This result indicates that Al-4Mg has the poorest melt quality of Al-Mg alloys with Mg content between 0 to 6 wt. % at 800 • C. This also means that, contrary to general observations, Al-4Mg has inferior melt quality to that of Al-6Mg at 800 • C. This unexpected may be a consequence of high-temperature oxidation kinetics and the change in Gibbs free energy for oxidation (Section 3.3).
In the Al-Mg alloys that had been prepared a reduced pressure, the maximum pore diameter decreased as Mg content increased, except in Al-4Mg ( Figure 3b ). The decrease may be a result of an increase in the number of nucleation sites for pores in response to increased content of alloying elements and to [H] in the melt. Al-4Mg alloy, which deviate from the tendency between other alloys and the maximum pore diameter, was the one with the highest measured DI and porosity, and the pore formation and growth are expected to be different from other alloys. Experimentation on nucleation and growth kinetics of pores to understand the mechanism is beyond the scope of this work. 
Bifilm Index
BI was calculated from the cross sections (Figure 4a-d) of RPT samples. It followed the trends of DI and porosity according to X Mg . Al-4Mg had highest BI = 9.3 mm, and other alloys had 2.1 ≤ BI ≤ 2.7 mm. BI can be affected by the number, size and shape of pores. The large BI of Al-4Mg was caused by a large number of pores, rather by their sizes (Figure 5b) .
The distribution of pore size in the RPT samples can be also seen in the x-ray computed tomography (CT) results (Figure 4e-h) . Most of the pores were roundish in all Al-Mg samples. The pore morphology may be determined by the opening mechanism of a bifilm, likely by a ratcheting action [13] . The bifilm is usually crumpled into a compact form when first introduced into a melt. In the RPT, the volume of gas trapped inside the bifilm increases; this and the diffusion of hydrogen into the gap drive growth and straightening of pores. The expansion of pores causes the creation of additional oxide film area inside of them, and this process is irreversible. In the present work, the EDS results showed that oxide layers had formed inside the pores ( Figure 6 ) and that pores had developed between oxide films ( Figure 7) ; these observations are consistent with previous work [13, 15] . Round pores were surrounded by dendrite, and oxide layers were observed on the surface of the dendrite (Figure 6 ). (Figure 7) and some pores were observed between these oxide films. These oxide films might be bifilms that were generated as the Al-Mg alloys melted, and that may have provided a place for pores to straighten. This observation corroborates previous studies [13] [14] [15] 26, 27] , which suggested that, at reduced pressure, pores form between the bifilms, and that BI can be used to assess melt quality.
Melt Quality Parameter Comparison
Porosity, and maximum pore size in RPT samples were compared to DI, [H], and BI (Figure 8 ) to determine which relationship was strongest. Porosity and maximum pore size showed a strong linear relationship with DI (Figure 8a ) but were only weakly related to [H] in the melt (Figure 8b ). The highest porosity and pore size occurred at the highest BI, were otherwise unrelated to BI (Figure 8c) . Possibly, the poor relationship at low BI may be a result of the limited resolution of the optical microscope, so that small or crack-like pores were overlooked during image analysis of the sectioned surface. Similarly, the relationship between BI and DI was not consistent (Figure 8d ). In this study, most of the pores were round, so DI should be used to represent the cleanliness of the molten Al-Mg alloys.
Oxidation of Molten Al-Mg Alloy
Kinetics of Oxidation
TGA results (Figure 9 ) indicate the oxidation kinetics of Al-Mg alloys at T Melt = 800 • C. After 60 min at this temperature, the weights of Al-0Mg and Al-2Mg alloys were almost unchanged, but Al-4Mg increased by 4.2%, and Al-6Mg increased by 6.4% (Figure 9a) . The weight gain rates over time differed between Al-4Mg and Al-6Mg, and could be divided into four sections (I, II, III, IV, Figure 9 ) according to the rate change. The tendency of oxidation rate change in each section was the same in Al-4Mg and Al-6Mg, but the starting time for section II was earlier in Al-6Mg than in Al-4Mg ( Figure 9a) . The difference might indicate that the initial oxidation rate is high in aluminum alloys with that have high Mg content. The rate of weight gain (Figure 9b ) increased with holding time at 800 • C in sections I and III in both Al-4Mg and Al-6Mg, and this change suggests that oxide scale has some non-protective characteristics in these in this section. However, in sections II and IV, the weight-loss rate decreased over time in both alloys; this reversal of trend suggests that the oxide structures that formed during these sections partially protected the surfaces from further oxidation. The current study was not specifically designed to analyze each type of oxide scale; further study should be conducted to clarify the chemical formulas of the oxide scales, their formation kinetics, and the effects of the elements other than magnesium in the alloys. 2Mg(s, l, g)
The free energy change ∆G i (T) associated with each of the above chemical reactions (i ∈ {7, 8, 9}) as a function of temperature were calculated using known equations [28] (Table 3 ). According to classical principles of thermodynamics and literature [31] [32] [33] [34] , the chemical activity a Mg of Mg, the chemical activity a Al of Al, and the activity coefficient γ Mg can be estimated as: (7), (8) and (9), taking into account the standard free energy change ∆G o i (T) and the chemical activities a j of phases j, data from [28] .
Reactions
Gibbs Free Energy Change Functions (J/mol) From these equations, ∆G for each chemical reaction can be expressed as a function of X Mg composition and temperature. The ∆G profiles were used to understand which oxide is most favored thermodynamically under different X Mg compositions and temperatures. The focus of the study was on the effects of X Mg ; other elements were not considered in the calculation of ∆G.
∆G of the oxides Al 2 O 3 , MgAl 2 O 4 and MgO varied with X Mg at 800 • C (Figure 10 ). At X Mg > 0.037, MgO is the most preferred oxide; if 0.037 > X Mg , MgAl 2 O 4 is the most preferred, and at 2.7 × 10 −5 > X Mg , Al 2 O 3 becomes the most preferred. ∆G of all three oxides increased with T Melt in all of the Al-Mg alloys used here (Figure 11 ). In the Al-0.01Mg alloy, which had the smallest X Mg in this study, Al 2 O 3 was the most preferred oxide at temperatures >950 • C, and MgAl 2 O 4 and MgO were preferred at T Melt < 950 • C. This result suggests that addition of Mg to Al interferes with formation of Al 2 O 3 at 25 ≤ T Melt ≤ 950 • C, even if X Mg is as small as 0.01 wt. %. In Al-2Mg, Al-4Mg and Al-6Mg alloys, MgAl 2 O 4 was the most favorable oxide at high temperature above a critical temperature T Crit , and MgO was the preferred at T Melt < T Crit . As X Mg increased, T crit increased, from 690 • C for Al-2Mg, to 850 • C for Al-4Mg, to 980 • C for Al-6Mg. 
Melt Quality of Al-Mg Alloy Related with Their Oxidation
Initially we expected that the Al-Mg alloy with the X Mg , i.e., Al-6Mg alloy in the present work, would show the poorest melt quality, because [H] in the molten metal increases as X Mg increases. However, the measurements of internal porosity, DI, and BI indicated that Al-4Mg had the poorest melt quality. This unexpected result may be caused to oxidation of the Al-Mg alloy melts. Usually, oxidation of Al-Mg alloy initially forms an amorphous aluminum oxide layer, and MgO forms second [28] . MgAl 2 O 4 then forms over MgO as a result of Mg depletion caused by additional oxidation [35, 36] . If the oxide scale of the molten alloy has non-protective characteristics and the surface of the molten alloy is not protected from external gases, then a further oxidation reaction can occur in the molten metal, and cause melt-quality degradation. Al-4Mg alloys have similar ∆G for MgO and MgAl 2 O 4 oxide formation at temperatures~800 • C (Section 3.3.2); this similarity limits the formation of protective stable oxides that would protect the melt surface from external gases. In addition, the oxidation kinetics of Al-4Mg alloy melt proceeded vigorously starting 45 min after the pool reached 800 • C, whereas Al-6Mg alloy melt began to slow after 30 min. Considering that the melt quality measurements were performed after 1 h holding at 800 • C, the poor melt quality of Al-4Mg alloy may have been caused by high-temperature oxidation of the alloy.
Conclusions
The effects of Mg content X Mg and melt temperature T Melt on the melt quality of Al-Mg alloys was quantified by measuring [H], internal porosity, density index (DI) and bifilm index (BI). Al-Mg alloys had increased [H] in the liquid state due to the addition of Mg, and the [H] increased as X Mg or T Melt increased. Generally, an increase in X Mg is expected to accelerate formation of pores and inclusions due to the high [H] in the molten metal, and thereby to degrade the quality of melt and of the cast sample. However, DI and BI, which represent the quality of aluminum melt, were the poorest in Al-4Mg, not in in Al-6Mg. This unexpected result may occur because Al-4Mg has similar values of Gibbs free energy change for the oxidation of MgO and MgAl 2 O 4 near 800 • C, so a dominant stable oxide does not form. Increase in X Mg can increase the mechanical strength of Al-Mg alloys, but optimization of the response requires careful control of the effects of X Mg on hydrogen dissolution in molten alloy, on high temperature oxidation, and on melt cleanliness.
